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Abstract

Experiments havc been conducted on the acceleration of partInlly

ionized argon in a channel of constant cross-sectional area havinf a

uniform applied transverse magnetic field and subject to a current

normal to both magnetic field and channel a.xis. rThe channel was

operated in the manner of a shock tunnel with sufficient test time to

achieve steady flow within the accelerator section. Visual observa-

tion of the flow within the channel and measurement of the electrical

characteristics of the driving circuits established that substantial

acceleration occurred in the channel. Neasurements were made of the

electrode potential and current and applied magnetic field. Thhe

maximum steady flow velocity within the magnetic field region, as

measured from the streak photographs, was found to be approximately

equal to the E/B velocity. Flow velocities up to 12 km/sec were thus

measured. The increase in momentum of the gas within the accelerator

was found to correlate with the theoretical impulse over the entire

range tested. At the highest ma, gnetic field strengths, a considerable

decrease in velocity occurred as the gas left the magnetic field region

at the downstream end of the accelerator. An estimate was made of the

current flowing through a laminar Hartmann boundary layer on the tube

wall normal to the magnetic field, and this calculated short circuit

current was sufficient to account for the failure to achieve the theoretical

momentum increase in the accelerator.
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I. Tntroduction

The magnetic acceleration of' n plasma in a steady, quasi-one-

dimensional channel flow, accomplished by mutually perpendicular

current, magnetic field, and flow velocity, has been the subject of

many theoretical and some exoerimental studies-l In particular,

the theoretical studies have concentrated on the quasi-one-

dimensional flow problem in which variation of magnetic induction

(B , channel area (A) and electric field (E) or current density (5)

were considered as variable functions of axial distance. In addi-

tion, theoretical studies of the effects of' wall, boundary layers and

eddy current losses have also been undertakenI5-19. On the experi-

nental side, steady flow devices consisting, of accelerators supplied

by plasma arcs have shown that an increase in velocity can be achieved

uy this means 10-1.2 A comnarison of the results of these experiments

with the prelS )us theoretical studies is difficult to make, since

there are cc .. aeraule differences between the actual experimental

configuration and the idealized models tassumed in the theories. The

20
shock tube experiments of Hog-an 2 on the other hand, corresnond more

closely to the quasi-one-dimensional model of the theories, although

they failed to provide a steady flow. In the experiments to be re-

ported below, a steady flow of short duration has been achieved by

shock tunnel techniques in a channel of uniform magnetic field, cross-

sectional area, and electrode rotenti l difference, thus extendinm the



experimental configuration of 1ogian into the steady Plow regime. For

reasons to be explained below, it is believed that these exoeriments

come reasonably close to duplieatinr the yodel assured in the simole

theories, and the results of the exoeriments have therefore been con-

oared with such theories.

As explained in more detail below in section IT, the accelerator

channcl of circular cross-section is supnlied with n-rtially ionized

argon at about 12,000 K 4ormed behind a shock wave reflected from the

nearly-closed end of a lsrger diameter shock tube. The steadiness of

the flow is assured by the criticol flow into the accelerator channel

of a volume of gas sufficient to fill the accelerator channel twice

during the experiment. 'lhe constancy of electrode potential and

magnetic field with axial distance along the a~ccelerator is determined

by the field winding and electrode construction. hlie effects of' cir-

cular, as opposed to rectangular, cross-sectional shape are believed

to be unimportant. On the other hand, Hfall effects or relatively stronf

induced magnetic fields can cause annrecioble departures from ncuasi-nne-

dimenslonality. 'i'he possible importance of these -:ffects have been

investigated by estimating the value of ut for the electrons and the

magnetic heynolds number based on tube radius for average gas conditions

in the accelerator section. The estimates of these two dimensionless

parameters are shnwn in Fir. 1 for the ranre of anplied rragnetic field

strength and total current of the experiments, nnd3 it can be seen that

.. - ---- ---- --- ---- ---- ---



neither of them is large, which is sufficient reason to neglect Hall

effects and induced fields in analyzinp the results of the experiments.

The axial distance over which most of the acceleration takes plece

is the interaction length, £* = pu/aB2 (see section IV below). The

quasi-one-dimensional model assumes that this is greater than thc tube

radius, r. The ratio, O*/r, is also plotted in Fip. 1, from which it

can be seen that two-dimensional effects may become important only at

the highest magnetic field strengths.

The viscous Reynolds number of the flow, based upon tube diameter,

is approximately 104. 'ihe boundary layers on the channel wall, either

on the electrode or on the wall normal to the magnetic field (see

section IV below), would be quite thin comnnred to the tube radius if

the flow were laminar. (From the nnalysis piven in section IV, it is

concluded that the flow is laminar rather than turbulent.) As n con-

sequence, the wall effects do not destroy the quasi-one-dimensional

nature of the flow, and may be taken into account in the usual manner

through boundary layer theory.

Having considered the principal aspects of the flow which ietermine

how well it conform:; to the simplified theories with which the measure-

ments will be compared, we will proceed to discuss in Preater detail the

experimental apparatus and methods of measurement in section IT, the

results of the measurements in section III, and the interpretation of

these measurements and comparison with the theories in section !V.



II. Experimentil Apparatus and Mlethods of .easurement

These experiments were performed in a combustion-driven shock tube

filled with argon at 1/2 or 1 mr ipfr initial pressure. ',The 6 inch

dianeter, 20 foot lonF low-pressure section was Joined to a 1.5 inch

dinameter extension by an end plate with rounded entrance but having no

intervening diaphragm. Upon reflection of the 1.Mach 11 incident shock

wave from the end plate of the large diatmeter tube, n reservoir of

0stagnant argon at about 12,000 IK and 1 or 2 atmospheres nressure is

created, which thereupon flows into the smaller diameter tube. In-

itially a shock wave is ProDagated into the smaller tube (see wave

diagram of Yip. 2), followed by P small exonansion wave which brings the

flow at thc entrance to a steady state. There are thus two contact in-

terfaces in the small tube. The first is caused by a temperature dif-

ference between the gns initially in the small tube and its driver gas

(originally the test gas in the 6" tube). The second interface is be-

tween the argon and the combustion products of' the original driver gos.

The temperature difference across the first contact interface wns cal-

culated to be quite small, thus giving P reasonably homogeneous flow

of test gas at a velocity of 3000 m/sec.

The accelerator section of the smaller tube (Fir. 3), made from

"Grade #950 Panalyte tubing of 1.5 inch I.D. with a 1/2 inch wall thick-

ness, was located 3 feet from the end naite. 'T1e electrodes were -rde

from .065 inch thick copper strip, ;ýh inches long and subtendinF an angle



of 00i ir th*• circumfurential direction. A lonpfitudin.l slit was cut

in the nccelorntor %,n1 l hall' way between the two electrodes nnd closed

with ii plexiflns:3 window. Thin window permitted observation of the

flow using- a rotating mirror camera.

Current was supplied to the electrodes by n lumped parameter trans-

mission line cn, citor bank with six sections, each of which had a 400

Ill capncitnr and a 1 Vih inductor. The impedance of the leads used was

lnrie compared to that of the electrode Pnr,, and hence s. nearly constant

current va.i obtained. Current variations with time were due to in-

perfect componentzi in the transmission line rather than variations in

the pas irnedance. A tynical current dischare is shown in Fip. 14.

Tho ccrreut wii i4n ti-nted wiien the shock was 3" inside the electrodes

and returned Lo zurry at pfl)T-roximutely the sime time the second contact

interfice left the electrodis. 'The waximum current obtained from this

source vau .J1,uGO amps.

A 1i turn nir-core coil w,-s used to f-enerate an apnli':d transverse

mapnetic fivuld. 'Th rcoil wts sadd.le-shnpnrd iaround the accelerator section

in; "',lowr ill 'iif. 3, ti,)|[: miniraizing7 the volume in which mapnetic energy

wTi, storerid 'he coil was made from #i) innulated copper wire nnd wan

connecti.:il ii u rie; with F WA14) u f cr•raitor bank. '1'he circuit was- closed

with Ino if-.itron when tU2 stinck, wave wan; far unstream so as to rermoit

Lh,: f'te, Ito ren i i p ol.q v:t]ue whe- thrc drive current was apnlid. 'Pihe

ci rcuit ,-:,ri witL . hlil]" cr: t.(I i-e ofL Of .) rii M iiseuccnd2, nerfittin ;

-- - -- - - - --.. - ,.-- ,-.



negligible variations in field strength over the 250 us time of the

experiment. The maximum field strength obtained was 9000 gauss.

The orientation and polarity of the leads supplying the electrodes

were such that the magnetic induction caused by this current added to

the applied magnetic field. This was accomplished by supplying the

current at the upstream end of the electrodes.

For each run, the following quantities were measured:

(1) Shock and flow velocities. The shock front velocity

was measured in the 6" section and in the 1 1/2" section upstream of

the accelerator using ionization probes. A rotating mirror camera

streak photograph was taken of the slit in the side of the accelerator

channel (Fig. 5), from which it wan possible to determine the front

velocity from the slope of the front on the photograph. Similarly,

luminosity streaks seen in the flow behind the shock front were assumed

to move with the gas bulk velocity, and their speed was determined in

the same manner as that of the shock front, thus giving a flow velocity

for the gas. The camera could be directed at any part of the flow

channel, and photographs were taken both of the flow in Ohe accelerntor

and downstream of the accelerator.

(2) Electrical conductivity. The electrical conductivity

(o) of the test gas was measured upstream of the accelerator by the

method described by Lin, l~esler and Kantrowitz22 . The upstream con-

ductivity decreased gradually durinF the test time, and had an averape

value of 15 mho/cm.



(3) Applied current throuph the electrodes. Trhe total

current fJlowinr between the electrodes was mea~sured usirp n cur rent

transformner. The output of this transformer was intepratcO and dis-

Played on ani oscilloscore (Fir. 4). IDurinp, operation of the P-c-

celerat~or, no variation in current with either mnpnetic field strenrth

or gras density was observed.

(14) t-enetic field strenpth. Th~1e strenpth of the rnaptnetic

field for echct run w~s determined by mneasurinr the current flowinp. in

the L-C circuit composed of the field coil and the capricitor bank.

This current wnzo then related to the marnetic field streng~th using n

senrch coil calibration. The results of the se~arch coil calibration

were criecked with atheoretical1 calculation of the field ex-nected for

a riven current.

(5) Electrode notential. T~he rotentinl difference between

the electrodes in the Pccelerstor was measured at the downstream end

of the electrodes (see Fir,. 6). Th' determine whether the electrodes

were equipoteritial suirfaces, D, rne~esurerient of p~otentip.l was also made

at the unstrean end of the-, electrodeq whi~ch arreed with downstrenm

neasurements to within the experimental error.

TTI. Exnerimental 1. eul~ts

Before the acceleration exp~eriment was stq~rted by, inititntinp the

electrode current pulse, there wns P short time (on the order of "15 js)

wheni the shock, wrve nartin~lly covered theý electrodes -.nd hence

vnoltnrI.C. (VII w induced acro:;z thc dc ctro-dc.-, h,- trhc F:is 'low rtn

dicular to the mapnetic field. Measuirements of thioc induced volttego



were made for every run and are shown in Fip. 7 .lotl:d as n function

of the product of flow velocity, ma.pnetic field strengrth and tube

diameter. The velocity used was the equilibrium flow velocity be-

hind a shock of strengkth measured just upstream of the accelerator.

The marnetic field strenrgth used wns the value taken Just before the

drive current was apnlied. The line drawn which fitted the data best

can be taken as a calibration curve for the accelerator oneratinp sas

a flowmeter.

Fishman23 made an analytical study of the linear Mi{D) accelerator

of' circular cross-section in which he assumed the marnetic Reynolds

number and interaction paranmeter based on the channel diameter (d)

were both small compared with unity and that the conductivity was ai

scalar. Ile found that for the electrode confifuration of this experi-

ment the calibration conAtant, defined by

K E V/duB0  (1)

was 0.91. This compares quite favorably with Fir. 7 for which K = 5/6.

Measurements of the maximum shock front velocity and maximum ,as

flow velocity in the accelerator were made from streak photographrs like

that shown in Fir,. 6. For all the test runs, a measurement of shock

front velocity was made; and for more than half the runs it was rasii,le

to distinpuish streaks from which a flow velocity could be obtained. Tn

order to interpolate for values of flow velocity for those runs where no
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streak measurement could be made, Fir., 8 ws rrennred from the rennin-

inp runs (for which both front and flow velocities could be measured),

and an average line was drawn, This line was tnken ns the correlation

between flow and front velocities when only the latter was reasured,

and results based on this method of interpolation were used in sub-

sequent analysis of the data.

In Fir. 6, the line labeled "real ras flow velocity" is the cSl-

culaed value for the narticle behind a shock wave cf strenpth in-

dicated on the abscissa. It was expected that far behind the incident

shock, in the steady flow repion, the flow velocity need not corresnond

Lo the cquilibriurp velocity behind the initial. shock wave, aund this

seems clearly to be the case.

If the interaction lenpth, A*, is srall compnred to the electrode

length, the Fas -hould attain the E/B0 velocit" close to the iipstreyr

end of tho electrodes, and hence no current will flow nenr the down-

strenr end, If the reasured electrode notentinl is enual to KouB.,

where u in the rr.xinur flow velocity in the nccelerator, then the E/BD

velocity rust have been attrpined. In }ir. 9 is nIctted the electrode

notentirl as n function of dull, usinr as dntc, the ,svernre rensured.

vlectrode nontertial over the durn.tion of' current flow, the rvernre 1r-

nosed mprnetic field durinr thnt tirmc, nnd the rnxiunur observed (Por

Internminted) fnow velocity for the ran. Tt cpn be soen th.nt n line of

slope•C , - 5/6 corralate; the (Intm fnirly well.



10

When 1* is compnrable with, or greater than the electrode length,

the electrode potential will be rreater then KduB0 . This can be seen

to be the case in Fir. 9, for the electrode potential exceeds this

value when uB is small, and hence 0w is large.

IV. Comparison with Theory

For a steady quasi-one-dimensional flow in a rectangular channel

of constant area A, constant applied rapnetic induction B0, and con-

stant electric field E, the equations of momentum an6 magnetic induc-

tion, and scalar Ohm's law, -.re:

du d_ + j(B + B) (2)

dB 1
0 - (3)

j= c[E - u(B0 + BI)] (1)

in which the current density j is assumed uniform over the cross section,

the magnetic induction B1 due to j is assumed to add to B0 , o is the

scalar electrical conductivity and pu is the constant mass flow per unit

area. For a channel of rectangular cross section of ares. A 3nd width d

in the direction of J, Eqs. (2) and (3) may be integrated over the volume

of the accelerator, resulting in:

SU0O d2 B0 IdA u= i A + (I - 2-- P- A }( )
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in which Au is the increase in velocity of the fluid, Ap is the decrease

in static pressure in the direction ofi flow and p I0 d 12A is the "back-

strap'" effect of the total applied current I which adds to the totni

magnetic induction.

For a channel of circular cross section of diameter d, w: use

A = Trd /2h in Eq. (5), which gives the correct volume integral of JB

and a reasonable estimate for that of JB 1 .

The values of Au measured from the streak photographs or interpolated

from the front velocity measurements as shown in Fig. 8, are plotted in

Firs. 10 and 11 as a function of the theoretical velocity increase cal-

culated from the right hand side of En. (5). In calculatinj the theoretical

Au, the mass flux pu was calculated for the critical flow froim the stagna-

tion conditions behind the reflected shock wave and Ap was assumed to

equal the static pressure for this critical flow, i.e., the downstream

pressure was assumed negligible. I and B0 were measured for each experi-

ment.

From Figs. 10 and 11 it can be seen that the measured velocity in-

crease lies between 50% and 100% of the theoretical value, the forner

ratio applying at the higher accelerations. If we denote the rotio of

actual to theoretical velocity increase by the term momentum efficiency

(i), then the momentur efficiency depends mostly upon the theoretical

velocity increase and not upon the gas density, as can be seen from 1ir,

12 which summarizes the results of our exneriments and those of' hIfoan20
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all of which cover a fourfold variation of gas density. Furthermore, a

careful examination of' Figse. 10 and 11 shows that there is no distinction

in performance between equal accelerations produced by large I and small

B0 or vice versa.

For the larger values of Au, the dominant term on the right hand

side of Eq. (5) is the last. The first term varied from 90% to 25% of

the whole, while the second term varied between 15% and 7%, over the

range of low to high accelerations. The larger percent scatter of tile

points at low Au are probably due to the uncertainty in the first two

terms as well as to the inaccuracy in the measurement of Au. The over-

all accuracy of the experimental points is about + 20%.

The variation of velocity with distance along the channel may be

estimated from Eas. (2) - (4) under the assumptions that B1 << B0 ind

that p and a are constant, with the result that Eq. (2) interrotes to:

u = Ui + Au {1 - e-XlR* }{l - e-L/'* (6)

where

* /aB 02  (7)

and in which ui is the initial velocity rnd L is the nccelerator lenpth.

The length P• was not measured from the strenk nhotographs, but it could

be seen qualitatively that the acceleration occurred in n shorter distince

at the hither values of 306
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As mentioned in section TTI, considerable deceleration of the flow

occurred at the exit of the accelerator where B0 decreased to zero in

about one tube diameter. This deceleration was measured in only P few

instances under conditions of maximum Bon This decrease in velocity

Au would not be expected to exceed that due to a sudden decrease ine

magnetic pressure of amount BO2/21O:

Pu Aue < BO2 /2 (8)

this latter being the limiting value of Au at high magnetic Reynoldse

number. The few measurements of Au are plotted in Fig. 13 as ae
2

function of B0 /2 0 pu, from which it can be seen that this inequality

is approximately satisfied. This deceleration could be considerably

reduced by gradually reducing B0 over many tube diameters, thereby de-

creasing the magnitude of the eddy currents which brake the flow.

The failure of the flow to accelerate to the theoretical value is

most likely due to the leakage of current between the electrodes through

the boundary layer which forms on the sides of the tube normal to ]3o.

In this Hartmann boundary layer the viscous stress is balanced by the

Lorentz force, so that the boundary layer grows, in a distance P.* from

the beginning of the electrode, to a characteristic thickness 6:18

6 (u/aD 2)1/2 (9)
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and thereafter remains constant in thickness. The total current J

flowing through this boundary layer per unit axial length is 1 5

J = VB 06 (1O)

provided 0 and the viscosity 0 are constant, and the free stream

velocity u is equal to F!Bo, which is achieved in the accelerator for

x > 0*. Assuainin that £* is much less than the length of the electrodes

L, the total leakage current Is through the two boundary layers on each

side of the tube is:

Is = 2(ui + Au) (W0)1/2 L (1)

by virtue of Eqs. (9) and (10).

There is no way to measure this lenkage current directly. However,

if this current is sufficient to account for the failure to achieve the

theoretical momentum increase, then Eq. (5) ought to be satisfied if T

is replaced by the actual total current to flow through the inviscid core,

namely I - Is . Inserting this latter value only in the last term, on the

right hand side of Eq. (4) +, and making use of Eq. (11), the modified

momentum balance may be written as:

AP + • (d)2, ' -2- + pu 20) 11/2 L dB

2 A A 1 + 0 (12)

Pu(ui + Au) puA

+ Because the middle teim is considerably smaller than the others, it was not

deemed necessary to correct it for the leakage current.
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In Fig. 14 the left hand side of Eq. (12), as computed for the

measured and estimated quantities contained therein, is plotted as a

function of Bo0 /uA. A straight line of slope 2(wo)12 Ld is also

drawn, using values of a = 3,000 mhos/m and = 3 x l0 Kgm/m sec,

which are appropriate for arpon at 10,000 K. Although the scatter

is large, the major effect of the current leakage through the laminar

Ha:"mann layer, as depicted in Eq. (12), is borne out by the experi-

mental measurements, and the dependence upon the principal parameters

is generally as described therein.

The calculations outlined above assume that the boundary layer is

laminar. Using the values of a and i quoted above, the viscous Reynolds

number based on the Hartmann layer thickness (or the ratio of Reynolds

to Hartmann number) is about 140 under test conditions giving maximum

"Au. For liquid metal flows, this is sufficient to ensure laminar flow.

If the boundary layer were turbulent, then it is to be expected

that I would also depend upon B and the right hand side of Eq. (12)
0

would riot be linear in B. The data of Fig. 14 are not sufficiently

"accurate to determine conclusively whether this dependence is not linear.

V. Conclusions

"1. Operating under conditions for which a quasi-one-dimensional

flow analysis should be applicable, the velocity increment in the ac-

celerator was found to correlate with the theoretical value given by the

simple theory over a wide range of gas densities, magnetic field strengths,

and total current.

I

"".. - - -, - - - - - - - - - - - - - - - - -
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2. A laminar Hartmann boundary layer analysis showed that the

expected leakage current could account quantitatively for the f'i~lure

to achieve the theoretical velocity increase as predicted by the

simple theory.

3. The considerable plasma deceleration at the exit of the ac-

celerator could be quantitatively related to the sudden decrease in

the applied magnetic field.
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